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TENSION, COMPRESSION AND FATIGUE PROPERTIES ?IF SEVERAL (bk- be 
\ k 

STEELS FOR AIRCRAFT BEARING APPLICATIONS' 

By G! Sachs'; R.  S e l l J a n d  W. F. Brown; Jr. 3 ,  1 ~ 'i 
t i  

INTRODUCTION 

A i r c r a f t  t u rb ine  bear ings must operate under severe condi t ions of 

bo th  load  and temperature.  An important problem i s  t o  increase  both  en- 

gine r e l i a b i l i t y  and performance by increasing t h e  bear ing  l i f e  of pres-  

e n t l y  used a l l o y s  and by  applying new a l l o y s  with g r e a t e r  s t r e n g t h  a t  
I w 

e leva ted  temperature.  , 

The c o d o n  bear ing  s t ee l  is SAE 52100 hea t  t r e a t e d  i n  t h e  range be- 

A gradual  improvepent i n  SAE 52100 bea r ing  l i f e  has tween 58 and 62 Re.  

been observed over t h e  p a s t  $0 years .  A s  pointed out  by  Cobb (1) t h i s  

has probably r e s u l t e d  from improving the c l ean l ines s  of t h e  s t e e l .  Thus, 

Barnes and Ryder ( 2 )  have shown t h a t  the minimum bear ing  l i f e  of SAE 52100 

is g r e a t l y  improved by vacuum melting. S imi la r  b e n e f i c i a l  e f f e c t s  of 

vacuum mel t ing  have been repor ted  b y  F r i t h  (3) and S t y r i  (4) on t h e  ro-  

t a t i n g  beam f a t i g u e  s t r e n g t h  of t h i s  a l loy ,  and by  Ransom (5) on t h e  fa- 

t i g u e  s t r e n g t h  of SAE 4340. 
7i 

The need f o r  s a t i s f a c t o r y  bear ing performance a t  temperatures ex- 

ceeding t h e  u s e f u l  range of SAE 52100 has l ead  t o  t h e  cons idera t ion  of 

vacuum melted t o o l  steels (l), ( 3 ) ,  ( 6 ) ,  and ( 7 )  These steels exh ib i t  

s t rong  secondary hardening c h a r a c t e r i s t i c s  and hardnesses of 60 Rc apd 

above may be obtained by  tempering at temperatures somewhat over 1000° F. 
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Very l i t t l e  informaticjn e x i s t s  regarding the  s t a t i c  mechanical p rope r t i e s  

or the  f a t i g u e  chaTac te r i s t i c s  of such s t e e l s .  

i n  s t a t i c  bending have been repor ted  by Grobe and Roberts ( 8 )  and by 

However, t he  p rope r t i e s  

_ _  
Hamaker, Strang and Koberts (Yj . 
increas ing  hardness t o  over 600,000 p s i  at  hardnesses exceeding 60 Rc.  

Vaiues of bend s t r eng th  increase w i t n  

The d i r e c t  eva lua t ion  of e f f e c t s  of melting p rac t i ce ,  hea t  treat- 

ment or a l l o y  composition on bear ing  l i f e  a re  g r e a t l y  complicated by 

the  l a r g e  number of t e s t s  necessary and complex na ture  of t h e  equipment. '  

The above discussed b e n e f i c i a l  e f f e c t  of vacuum melt ing on both labora-  

t o r y  f a t igue  p rope r t i e s  and bear ing l i f e  suggest t h a t  t h e r e  may be a t  

l e a s t  a q u a l i t a t i v e  r e l a t i o n  between the  r e s u l t s  of t hese  two types of 

tests.  Furthermore, it has been c la ined  by var ious inves t iga to r s  t h a t  

t he  bending f a t i g u e  endurance l i m i t  f o r  hea t  t r e a t e d  s t e e l s  i s  d i r e c t l y  

proport ional  t o  t h e  t e n s i l e  s t r eng th .  However, such a simple r e l a t i o n  

appears t o  be a t  b e s t  confined t o  low hardnesses and r e , s t r i c t e d  t o  cer-  

t a i n  compositions ( 3 ) ,  (10) and (11). More r ecen t ly ,  it has been hypoth- ~ 

es ized  by Cohen and h i s  coworkers ( 1 2 )  and (13) on the  b a s i s  of r a t h e r  

meager evidence t h a t  both the  t e n s i l e  e l a s t i c  l i m i t  and the  endurance 

' l i m i t  of low a l l o y  s t e e l s  a r e  s i m i l a r l y  r e l a t e d  t o  the  hardness.  It i s  

, 

suggested t h a t  t h e  we l l  known decrease i n  e l a s t i c  l i m i t  a t  high hardness 

l e v e l s  i s  assoc ia ted  with a corresponding decrease i n  endurance l i m i t .  

It might therefore  be poss ib le  t o  es t imate  t h e  inf luence of a given 

meta l lurg ica l  var iab le  on t h e  bear ing  l i f e  by examining i t s  e f f e c t  on .d. 
4 - t he  t e n s i l e  e l a s t i c  l i m i t ,  o r  perhaps on some o ther  s t a t i c  mechanical 

k property.  To c r i t i c a l l y  examine such a p o s s i b i l i t y  d a t a  i s  needed for 

t he  s t a t i c ,  compressive and f a t i g u e  p r o p e r t i e s  Over a wide range of m 6 hardness 
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/ The objec t  of t h e  present  i nves t iga t ion  w a s  t o  e s t a b l i s h  t h e  in f lu -  

ence of hea t  t r e a t e d  hardness l e v e l  on t h e  room temperature and 350' F 

s t a t i c  and f a t i g u e  p rope r t i e s  of e l e c t r i c  furnace melt  and vacuum melt  

SAE 52100 and on t h e  room temperature s t a t i c  p rope r t i e s  of t h ree  t o o l  

s t e e l s .  The s t a t i c  and f a t i g u e  proper t ies  of t he  t o o l  s t e e l s  were a l s o  

inves t iga ted  f o r  one hardness l e v e l  (62 Rc)  a t  both room temperature and 

500' F. I n  addi t ion ,  a few t e s t s  were made t o  inves t iga t e  the  inf luence 

of minor v a r i a t i o n s  i n  hea t  treatment on the  500' F f a t i g u e  s t r eng th  of 

the  t o o l  s t e e l s .  An attempt was made t o  determine the  magnitude of f i r s t  

and second order  r e s i d u a l  s t r e s s e s  f o r  a l l  a l loys  as a func t ion  of hard- 

ness l e v e l .  The r e s u l t s  a r e  analyzed t o  permit comparison of the  mechan- 

i c a l  p rope r t i e s  of t he  t o o l  s t e e l s  with those  of SAE 52100 and to explore 

the  p o s s i b i l i t y  of a r e l a t i o n  between s t a t i c  and f a t i g u e  c h a r a c t e r i s t i c s  / 
MATERIAL 

Three e l e c t r i c  furnace hea ts  and one induction vacuum melted hea t  of 

SAE 52100 were inves t iga ted .  Two of the e l e c t r i c  furnace hea ts  (Nos. 2 

and 3) were ava i l ab le  only i n  small q u a n t i t i e s  and represent  ma te r i a l  f o r  
\h, 

which bear ing  l i f e  da t a  w a s  determined i n  another i nves t iga t ion  ( s e e  

appendix II) ,  
<. 

Three induction vacuum melted t o o l  s t e e l  compositions; 

Halmo, M-1 (AISI TMO) and (AISI  M-50) were a l s o  included. The composition -~ 

and source of a l l  t hese  mater ia l s  i s  given i n  Table I. With the  exception 

of SAE 52100, Heats 2 and 3, a l l  a l loys  were received as 1/2 inch diameter 

rod. 

The h a r d i b i l i t y  of the  two p r inc ipa l  hea ts  of SAE 52100 is shotsn i& 

These l a t te r  two hea ts  were furnished i n  9/16 inch diameter.  

f i g u r e  1 i n  comparison with t y p i c a l  data  suppl ied by one s t e e l  company. 

The ASTM inc lus ion  r a t i n g s  f o r  the  various a l l o y s  are given i n  t a b l e  IIo 5 ,=I w 4 LL. 



The various hea t  t r e a t i n g  schedules employed are given i n  Tables I11 

and IV. These include a series of experimental  t rea tments  designed t o  

y i e l d  a range of hardness from 50 t o  65 Re.  

t reatments  are inciucled which y i e l d  a hardness of about 62 

presumably r ep resen ta t ive  of present  day bear ing  p rac t i ce .  

I n  add i t ion ,  commercial heat 

R, and are 

PROCEDUm 

The very high hardness l e v e l  o f  t h e  s teels  and t h e  consequent l imi t ed  

p l a s t i c i t y  requi red  t h a t  s p e c i a l  techniques be employed i n  t h e  t ens ion  

tes t s  t o  minimize bending stresses caused by misalinement. S imi la r  pre- 

caut ions were necessary i n  the compression t e s t  t o  ob ta in  re l iable  values 

of t h e  e l a s t i c  p rope r t i e s  and y i e l d  s t r eng ths .  

machined from the  bar s tock  t o  about 0.035 inch overs ize ,  hea t  treated 

and then f i n i s h  machined by  gr inding and pol i sh ing .  

Specimens were rough 

Tension and compression t e s t i n g .  - Tens i le  specimens wi th  h igh ly  

concent r ic  ground threads ,  f i g u r e  2, were employed i n  conjunction wi th  

an axial  loading f i x t u r e  ( 1 4 ) .  This technique permit ted re l iab le  t e n s i l e  

s t r eng ths  t o  be determined a t  the  h ighes t  hardnesses.  Compression tests 

were performed i n  a ba l l  bear ing  d i e  s e t  us ing  heavy p a r a l l e l  ground com- 

press ion  a n v i l s  with a s p e c i a l  cen ter ing  device.  A s  a f u r t h e r  aid i n  re- 

ducing bending stresses t h e  edges of t h e  accuyately machined, square 

ended compression specimens were s l i g h t l y  round.ed. Room temperature 

checks of the alinement were made us ing  t h r e e  w i r e  r e s i s t a n c e  gages spaced 

120' a p a r t  on long i tud ina l  elements of t h e  specimens. Typical  examples of 

e l a s t i c  s t r e s s - s t r a i n  curves from t hese  three gages are shown i n  f i g u r e  3 

f o r  a tension and compression specimen. P e r f e c t  alinement would be indi -  

ca ted  by  i d e n t i c a l  curves from t h e  t h r e e  gages.  As can be seen, t h i s  i d e a l  
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condi t ion i s  c lose ly  approached, t h e  maximum bending s t r e s s  being approxi- 

mately 1 t o  2 percent  of t he  average t e n s i l e  s t r e s s  and 2 t o  4 percent of 

the  average compressive stress. 

For e leva ted  temperature t e s t i n g  fundamentally t h e  same techniques 

were employed. I n  the  case of compression t e s t s  t he  a n v i l s  were extended 

in s ide  of a s p l i t  furnace.  For both  tension and compression tests the  

temperature v a r i a t i o n  along t h e  gage length was wi th in  ~ 2 '  F. 

Fat igue tests. - The specimens employed at room temperature were of 

s tandard design, f i g u r e  4, and f i n i s h  pol ished i n  t h e  long i tud ina l  d i r ec -  

t i o n l .  Standard R. R. Moore r o t a t i n g  bending f a t i g u e  machines were em- 

ployed f o r  t e s t i n g  these  specimens. 

For tests a t  e leva ted  temperature t h e  specimens, f i g u r e  4, were pro- 

3 
4 vided wi th  a 1- inch c y l i n d e r i c a l  length at each end. 

mi t ted  t h e  i n s t a l l a t i o n  of a t u b u l a r - e l e c t r i c  r e s i s t a n c e  furnace over t h e  

This design per- 

t e s t  s ec t ion .  

were modified t o  increase  t h e  dis tance between the  sp indles  by 3 inches.  

A water cooled jacke t  w a s  f i x e d  between t h e  f a c e  of each sp indle  housing and 

I n  order  t o  accommodate the  furnace the  f a t f g u e  machines 

1 

t h e  furnace  end. Temperature con t ro l  w a s  e f f e c t e d  by means of a thermo- 

couple in se r t ed  i n t o  a bore through one end of t h e  specimen lEihEch termi- 

nated 7/8 inch from the  minimum diameter. 

t he  t es t  sec t ion  dW not  exceed &loo F. 

The temperature va r i a t ion  a t  

S t r a i n  measurements. - The determination of e l a s t i c  l i m i t  i n  tens ion  

and compression a t  room temperature was by a "load release ' '  method which 

has been employed previous ly  by other  i nves t fga to r s .  For t h i s  method an 

'Finish po l i sh ing  was done in  three s t e p s  using wet 80, 280, and 500 
g r i t  paper  i n  t h i s  order .  
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SR-4, Advance wire s t r a i n  gage w a s  Duco cemented t o  the  specimen and the  

load w a s  increased i n  increments, unloading after each increment. The 

permanent s e t  ( p a s t i c  s t r a i n )  after each unloading w a s  recorded,  Theo- 

value not  producing p l a s t i c  s t r a i n .  

the stress aga ins t  permanent s e t  should be v e r t i c l e  ( ze ro  p l a s t i c  s t r a i n )  

The curve r e s u l t i n g  from a p l o t  of 

up t o  t h e  e l a s t i c  l i m i t  and t h e n ' e x h i b i t  a conkinuous dev ia t ion  ' in t h e  

d i r e c t i o n  of increasing p l a s t i c  s t r a i n .  Curves of t h i s  na ture  have been 

repor ted  by MacAdam (15) using h ighly  s e n s i t i v e  mechanical s t r a i n  gages. 

Unfortunately,  t h e  use of SR-4 gages introduces d i f f i c u l t i e s .  These a r e  

manifest  by t h e  ind ica t ion  of "reverse" p l a s t i c  s t r a i n s  

behavior i s  i l l u s t r a t e d  i n  f i g u r e s  4 and 5 f o r  t e n s i l e  and compression 

t e s t s  respec t ive ly .  

Muir, Averbach and Cohen ( 1 2 )  f o r  t e n s i l e  tes ts  on low a l l o y  s t e e l s .  

These inves t iga tors  a t t r i b u t e d  it t o  an e f f e c t  c h a r a c t e r i s t i c  of the  

metal  i t s e l f .  However, it may be explained by behaviors  c h a r a c t e r i s t i c  

of t he  s t r a i n  gage which a r e  encountered a t  very high s t r a i n s .  Wire re- 

s i s t a n c e  s t r a i n  gages are gene ra l ly  employed a t  s t r e s s e s  much below those ~ - 
a t  the  e l a s t i c  l i m i t  of very hard s t e e l s .  Under normal condi t ions the  

e l a s t i c  l i m i t  of the  wire i s  not  exceeded throughout t he  t e s t ,  However, 

, in  t hese  t e s t s  t he  e l a s t i c  l i m i t  of t he  wire w a s  undoubtedly exceeded. 

Thus, t h e  0.2 percent y i e l d  s t r eng th  of Advance w i r e  is r epor t ed  (16) as 

65,500 p s i .  This would correspond t o  82,000 p s i  stress i n  a s t e e l  spec i -  

men. It has been shown ( 1 7 )  and (18) t h a t  zero drift is encountered when 

the  e l a s t i c  l i m i t  of t he  wire is exceeded, Since,  th is  e l a s t i c  l i m i t  i s  

below 65,000 p s i ,  t h e  permanent s e t  data r epor t ed  here  can be considered 

This pecu l i a r  

S imi la r  behavior has prev ious ly  been repor ted  b y  
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re l iable  only a t  specimen stresses somewhat below 

asc r ibe  t h e  observed r eve r se  s t r a i n s  pr imar i ly  t o  

82,000 ps i .  The authors  

zero d r i f t  of t h e  gage. 

This zero  drift  i n  combination wi th  r e s i d u a l  stresses could produce t h e  

pecu l i a r  v a r i a t i o n  i n  the  amount of reverse  s t r a i n  with hardness and i ts  

different  magnitude i n  tens ion  and compression. Therefore,  no real  

q u a n t i t a t i v e  value of t he  e l a s t i c  l i m i t  dan be der ived from the repor t ed  

load  r e l e a s e  data, However, f o r  purposes of comparison an  " e l a s t i c  l i m i t "  

is def ined  as t h e  h ighes t  stress r e s u l t i n g  i n  an ind ica ted  zero  p l a s t i c  

s t r a i n  

The 0 .2  percent  y i e l d  s t r eng th  was determined on t h e  same specimens 

used f o r  t h e  load  release curves by extending the  SR-4 readings  s l i g h t l y  

beyond 0.2 percent  s t r a i n .  This r a t h e r  unconventional manner of deter- 

mining y i e l d  s t r e n g t h  w a s  checked by use of an extensometer. Yield 

s t r e n g t h s  determined b y  these  two methods were e s s e n t i a l l y  i d e n t i c a l ,  

as might be expectea,  consfder ing the  f l a t n e s s  of t h e  flow curve i n  t h e  

yield region.  

A t  e l eva ted  temperature s t r a i n s  in the  t e n s i l e  t e s t s  were determined 

by  means of a Baldwin PS 5 M  microformei- type extensometer a t tached  t o  t h e  

specimen heads. The s e n s i t i v i t y  of t h i s  instrument and i t s  recorder  w a s  

approximately 200 microinches pe r  inch. I n  the  e leva ted  temperature com- 

p res s ion  tes ts  t h e  extensometer w a s  arangect  t o  sense the  movement of the 

die  set  p l a t t e n s .  

a t  e l eva ted  temperatures.  

No at tempts  weSe made t o  determine e l a s t i c  p rope r t i e s  
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RESULTS 

The r e s u l t s  obtained e s t a b l i s h  t h e  inf luence of hardness (50 t o  65 Rc) 

on t h e  rootn tenpera ture  s t a t i c  t e n s i l e  and compressive p r o p e r t i e s  of s e v e r a l  

heat.s nf SJE 5319s and t;irt.=: tool s tee ls .  

proper t ies  of an e l e c t r i c  furnace melt of SAE 52100 are presented as a 

func t ion  of hardness.  

t o o l  s t e e l s  hea t  t r e a t e d  t o  62 R, by a t y y i c a l  commercial hea t  t reatment .  

I n  p l o t s  of' t he  s t a t i c  p rope r t i e s  t h e  po in t s  shown are t h e  average of a t  

least two tes ts  unless  otherwise ind ica ted .  The spread between dup l i ca t e  

t e s t s  w a s  i n  general  less than k5 percent  x i t h  a few e l a s t i c  l i m i t  values  

d i f f e r i n g  by f15 percent .  

I n  add i t ion ,  t h e  350' F s t a t i c  

S t a t i c  p rope r t i e s  a t  500' F are shown f o r  t h e  t h r e e  

Fatigue p rope r t i e s  a t  roomi tenpera ture  are e s t ab l i shed  as a func t ion  

of hardness l e v e l  (50 t o  65 Re)  f o r  s eve ra l  hea t s  of SAE 52100 and f o r  

t he  th ree  t o o l  s t e e l s  cozmeccially hea t  tyea ted  t o  62 R,. 

a t  350' F is also presented f o r  an e l e c t r i c  furnace melt  and ar, induct ion 

vacuum m e l t  of SAE 52100 a t  seve ra l  hardness leve ls . ,  Fat igue p rope r t i e s  

a t  500' F for t he  th ree  t o o l  s t e e l s  are presented f o r  one hardness l e v e l  

(62 Re) obtained by a connerc ia l  an3 experfmental hea t  t rea tment .  Since 

the  number of f a t i g u e  specimens a v a i l a b l e  were qu i t e  limf-,ed, t h e  ma jo r i ty  

of t e s t s  were confined t o  t l e  love- s t r e s s  l e v e l s ,  irl or.?er t o  best  es t i -  

mate the  f a t i g u e  s t r e n g t h  between 5x107 and lo8 c y c l e s .  

t he  f a t i g u e  s t r e n g t h  at, lo8 cycles i s  i n  EO case b e t t e r  than  ~10,000 p s i .  

S t a t i c  proper-ties oi SAE 52100. - The var ious h e a t s  of 52100 

Fat igue  da ta  

The accuracy of 

possess only s l i g h t  d iffersr>ees i n  t h e i r  r-oorr, temperature e l a s t i c  limits 

and y i e l d  s t rengths ,  Yigures 6 an% 9 i n  bo th  tens ion  an? compression over 

t he  e n t i r e  kardness range Tens i le  s.t.rengt7i:, exh ib i t ed  somewhat g r e a t e r  
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d i f f e rences  p a r t i c u l a r l y  a t  hardnesses above 58 Re .  Surpris ingly,  t h e  

h ighes t  t e n s i l e  s t r eng ths  are observed for an e l e c t r i c  furnace  m e l t  and 

not  as might be expected f o r  t h e  vacuum m e l t .  

The inf luence of hardness on a l l  room temperature s t a t i c  s t r e n g t h  

p rope r t i e s  except t he  compressive y i e ld  s t r eng th  is similar, i n  t h a t  a 

n e a r l y  l i n e a r  increase i n  s t r eng th  i s  observed up t o  58 Re,  t h e  s t r e n g t h  

values  then continuously decrease w i t h  increas ing  hardness.  I n  c o n t r a s t ,  

t h e  compressive y i e l d  s t r eng th  increases  l i n e a r l y  t o  the  h ighes t  hardness.  

According t o  f i g u r e  9 t h e  350' F s t a t i c  p rope r t i e s  of e l e c t r i c  fu r -  

nace m e l t  SAE 52100 increase  w i t h  hardness up t o  about 58 R, and then  re- ' 

main e s s e n t i a l l y  constant .  

It i s  noted a t  both  room temperature and 350' F t h a t  t h e  s t a t i c  

p r o p e r t i e s  i n  compression are d i s t i n c t l y  higher  than those i n  tens ion .  

S t a t i c  p rope r t i e s  of t h e  t o o l  s t e e l s .  - The room tenpera ture  s ta t ic  

p r o p e r t i e s  of t he  t o o l  s t e e l s  are shown i n  f igu res  10 and 11 as a func- 

t i o n  of t h e  hardness.  Some r a t h e r  complex and unexpected t rends  are ob- 

served.  While these  are c l e a r l y  ind ica ted  b y  t h e  ava i l ab le  da t a ,  addi- 

t i o n a l  tests would be necessary t o  e s t a b l i s h  them as genera l  behavior 

f o r  t h e  a l l o y s  i n  quest ion.  

With the except ion of the e l a s t i c  l i m i t s  t h e  t h r e e  t o o l  steels d i f f e r  
..c- 

l i t t l e  i n  t h e i r  s t a t i c  p rope r t i e s  except a t  the  highest  hardnesses .  At 

bardnesses  above about 62 R, t he  Halmo appears t o  possess the  h ighes t ,  

and. M - 1  t h e  lowest t e n s i l e  u l t imate  and y i e l d  s t r eng th .  The compressive 

y i e l d  s t r e n g t h s  a t  high hardnesses a re  a t  e s s e n t i 4 l l y  i a e n t i c a l  with t h e  

except ion  of t h e  anomalous behavior of W-1 a t  62 Re.  The e l a s t i c  l i m i t s  
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i n  bo th  tens ion  and compression e x h i b i t  unexpected behaviors which render  

a comparison of t h e  s t e e l s  regarding t h i s  proper ty  d i f f i c u l t .  Generally,  

it would appear that  Xalmo e x h i b i t s  e l a s t i c  l i m i t s  h igher  than  e i t h e r  M-1 

O T  Mv-1 et h-erclr,esees k 5 6  L m I i  about bi) K,. A t  h igher  hardnesses i r regu-  

l a r i t i e s  i n  t h e  e l a s t i c  l i m i t s  are observed. However, Halmo appears t o  

y ie ld  cons i s t en t ly  high values a 

The inf luence of hardness on t h e  roon temperature t e n s i l e  y i e l d  
*-. 

and u l t imate  s t r eng ths  appear;? reasonably w e l l  e s t ab l i shed .  These s t r e n g t h  

values increase nea r ly  l i n e a r l y  with hardness up t o  a maximum at  about 

62 R, with t h e  exception of Haltzo which e x h i b i t s  a continuous l i n e a r  in-  

crease t o  t h e  h ighes t  harcness .  The compressive yield s t r eng th  shows a 

similar l i n e a r  increase u p  t o  a hardnezs of' about 62 R, f o r  Halmo and M - 1 .  

For MV-1 an unexpected minimum w a s  observed a t  62 Re. 

e l a s t i c  l i m i t s  i n  bo th  tens ion  arid compression increased wi th  hardness up 

Generally,  t he  

t o  a hardness between 58 and 62 Rc depending on t h e  alloy. 

hardnesses these  values exh ib i t  complex t rends  ( p a - r t i c u h r l y  f o r  MI-1) 

A t  h igher  

which may or nay not, be  r e a l .  A s  might be expected a decrease i n  e l a s t i c  

l i m i t  is observed with f u r t h e r  increas ing  hardness f o r  t ens ion  teh ts  

For compression t e s t s  a similar ind ica t fon  of a maxfrrium is o ~ s s ~ ~ v e d  ?or  

Halmo and MV-lwhile t h e  e l a s t i c  l i m i t  f o r  MV-1 p a s s ~ s  tkrough a minimum, 

The 500' F tens ion  y i e l d  and u l t ima te  s t r e n g t h  and t h e  compressive 

y i e l d  s t r eng th  is  given i n  t a b l e  V. It htll be noted t h a t  t h e r e  is l i t t l e  

d i f f e rence  between t h e  th ree  t,ool s t e e l s  a t  a bardness of: 62 Rc regard ing  

these  s ta t ic  p rope r t i e s  

As wa5 observed f o r  SAE 52100 t h e  Toom tempeyatijpe and e l eva ted  t e m -  

pera ture  s t a t i c  properties of the  t o o l  steels f n  comppession exceed those 

in t,eris Ion 
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Fatigue p rope r t i e s  of SAE 52100. - Room temperature S-N curves a t  

various hardnesses are given i n  f igu res  12  and 13. It w i l l  be noted t h a t  

d i s t i n c t  endurance l i m i t s  a r e  not es tab l i shed .  The r e s u l t s  f o r  t he  sev- 

e r a l  hea ts  may be compared i n  f i g u r e  14 which shows the  f a t i g u e  s t r e n g t h  

a t  10 

induct ion vacuum melt appears t o  be superior  t o  the  e l e c t r i c  furnace 

melts .  The inf luence of hardness on e i t h e r  t he  e l e c t r i c  furnace o r  vac- 

uum melted a l l o y  is r a t h e r  small, t h e  f a t i g u e  s t r eng th  being e s s e n t i a l l y  

constant  from 54 t o  65 Rc.  

8 cycles  p l o t t e d  aga ins t  t he  hardness. It w i l l  be noted t h a t  t he  

1 , 
A t  350' F only a l imited number of t e s t s  were made, f i g u r e  15, and ' 

t he  induct ion vacuum m e l t  was evaluated only a t  62 Rc. 

hardness a t  350' F can be est imated by comparing the  350' F f a t i g u e  

s t r e n g t h  a t  10 8 cycles  wi th  t h a t  o5tained a t  room temperature. 

cording t o  f i g u r e  1 6  the  350 

s t a n t  up t o  about 56 Rc and then decreases s l i g h t l y  t o  a lower constant  

value a t  hardnesses above about 60 Rc. 

s u p e r i o r i t y  of t h e  vacuum melted a l loy .  

The inf luence of 

Thus ac-  

0 F f a t i g u e  s t r eng th  remains e s s e n t i a l l y  con- 

Again t h e  r e s u l t s  i nd ica t e  the  

Fat igue p rope r t i e s  of t o o l  steels. - The room temperature and 500' F 

S-N curves are shown i n  f i g u r e s  17  and 18 f o r  t he  th ree  t o o l  s t e e l s  hea t  

t r e a t e d  t o  62 Rc.  

s c a t t e r  f a t i g u e  s t r eng ths  a t  lo8 cycles a r e  not  we l l  e s t ab l i shed .  

Because of t he  l imi ted  number of t e s t s  and excessive 

A t  

room temperature t h e  h ighes t  f a t i g u e  s t r eng ths  ( lo7  - lo8 cycles )  are 

obtained f o r  Halmo and t h e  lowest f o r  MV-1. A t  e leva ted  temperatures 

the  d a t a  is i n s u f f i c i e n t  t o  e s t a b l i s h  c l e a r  d i f fe rences  between the  s t e e l s  

o r  between t h e  commercial and experimental hea t  treatment.  The most con- 

s i s t e n t  r e s u l t s  bo th  i n  regard t o  s c a t t e r  and agreement between the  two 
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hea t  t reatments  was obtained wi th  Halmo and M - 1  which bo th  appear t o  

possess  nea r ly  equal  f a t i g u e  s t r eng ths .  For MV-1 t h e  500’ F f a t i g u e  

s t r e n g t h  appears t o  be h ighes t  f o r  t he  commercial h e a t  t reatment  which 

pielcis s t r eng th  values about equal  t o  t h e  o ther  two s tee ls .  

DISCUSSION OF RESULTS 

I n  the  fol lowing sec t ion  t h e  var ious observed mechanical p rope r t i e s  

w i l l  be f u r t h e r  discussed i n  l i g h t  of t h e  r e s i d u a l  stress measurements 

given i n  appendix I and compared with prev ious ly  published information. 

Fu r the r ,  t h e  p o s s i b i l i t y  of a r e l a t i o n  between s t a t i c  and f a t i g u e  prop- 

e r t i e s  w i l l  be explored. 

Inf luence of r e s i d u a l  stresses. - M a x i m a  i n  t h e  t e n s i l e  and compres- 

s i v e  e l a s t i c  l i m i t s  and i n  t h e  t e n s i l e  y i e l d  s t r eng th  when p l o t t e d  aga ins t  

t he  hardness have been observed i n  many inves t iga t ions  (11) of low a l l o y  

hea t  t r e a t e d  steels.  S imi la r  behavior has a l s o  been r epor t ed  f o r  t h e  bend 

y i e l d  s t r eng th  of t o o l  steels (8) and ( 9 )  tempered t o  very high hardness.  

I n  addi t ion  it has prev ious ly  repor ted  (11) and (19)  t h a t  the compressive 

y i e l d  s t r eng th  i s  higher  than t h e  t e n s i l e  y i e l d  and t h a t  t h i s  d i f f e rence  

increases  with the  hardness .  The magnitude of t hese  e f f e c t s  appears t o  

depend on the  hea t  t r e a t i n g  p r a c t i c e  which sets t h e  r e s i d u a l  p a t t e r n .  

Residual stresses i n  t h e  inves t iga t ed  s tee ls  are r epor t ed  i n  appendix 

I (see f i g s .  1-1’ and J - 7 ) .  This d a t a  ind ica t e s  t ens ion  s t r a i n s  i n  t h e  

(211)  planes p a r a l l e l  t o  t h e  su r face  as w e l l  as h igh  mic ros t r a ins  both  of 

which increase with hardness.  

expla in  i n  p a r t  t he  shape of t he  t r end  cumes  when t h e  s t a t i c  p rope r t i e s  

a r e  p l o t t e d  aga ins t  t he  hardness,  as well as t h e  d i f fe rence  i n  s t r eng ths  

observed between tens ion  and compression. The micros t ra ins  cause e a r l y  

Such r e s u l t s  are no t  unexpected and may 
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devia t ion  of t h e  stress s t r a i n  curve from l i n e a r i t y  and tend  t o  depress  

the  e l a s t i c  l i m i t  and y i e l d  s t r eng th .  The f i rs t  order  r e s i d u a l  s t r e s s e s  

arise p r imar i ly  from compressive p l a s t i c  sur face  deformations occurr ing 

during t h e  quenching cyc le .  

these sur face  fibers are subjec t  t o  a type of "Bauschinger Effect ."  I n  

t e n s i l e  t e s t s  bo th  the  micros t ra ins  and t h i s  Bauschinger E f fec t  combine 

t o  depress  t h e  f low curve a t  small p l a s t i c  s t r a i n s .  

It may be assumed t h a t  on subsequent t e s t i n g  

These e f f e c t s  a r e  

reduced by  tempering and consequently a r e  most pronounced a t  the  h ighes t  

hardnesses ( lowest  tempering temperatures) 

Thus, t h e  s t a t i c  t e n s i l e  y i e ld  and e l a s t i c  l i m i t s  pass through a 

maximum at  some high hardness l e v e l .  

i s  observed a t  approximately the  same hardness s ince  t h e  f r a c t u r e  duc- 

t i l i t i e s  are s o  low ( l e s s  than 2 percent) t h a t  n e i t h e r  t he  Bauschinger 

E f f e c t  nor t h e  micros t ra ins  are completely e l imina ted  b y  p l a s t i c  flow. 

I n  compression t h e  Bauschinger E f fec t  i s  absent  and consequently the  

e l a s t i c  l i m i t s  and y i e l d  s t rengths  a re  h igher  than i n  t ens ion  and the  

maxima are absent .  

A maximum i n  the  t e n s i l e  u l t ima te  

Regarding t h e  f a t i g u e  s t r eng th  it might be expected t o  increase con- 

t i nuous ly  with hardness i n  the absence of o the r  e f f e c t s .  However, as 

seen from f i g u r e  14, it remains e s s e n t i a l l y  constant  above 52 R c ,  

same phenomena d iscussed  above may be assoc ia ted  wi th  t h i s  behavior .  

The f a t i g u e  t e s t  is, however, much more complex than the  s t a t i c  tes ts  

and it i s  not  poss ib l e  t o  make meaningful conclusions from t h e  l imited 

data a v a i l a b l e .  The l i t e r a t u r e  ( Z O ) ,  (21) ,  and (22) only serves  t o  em- 

phas ize  the  complexity of t h e  prdblem vhen r e s i d u a l  s t r e s s e s  are in t ro -  

duced p r imar i ly  by  h e a t  treatment or machining. 

The 
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Comparison of f a t i g u e  s t r eng ths  fo r  SAE 52100. - The present  r e s u l t  

b,.at t h e  f a t i g u e  s t r eng th  of SAE 52100 does not decrease a t  high hardnesse 

is supported by l e s s  extensive d a t a  from s e v e r a l  previous inves t iga t ions  

(3) , (4) , and (23) . 
Zurburg, and Erickson (24) who r epor t  t he  endurance l i m i t  f o r  a number of 

low a l l o y  s t e e l s  passes through a maximum a t  high hardness l e v e l s .  

e n t l y  no genera l iza t ions  can be made regarding the  dependence& f a t i g u e  

s t r eng th  on the  hardness a t  high hardness l e v e l s .  

This behavior i s  i n  con t r a s t  t o  the  resir.lts cf !krmc?., 

Appar- 

Values of r o t a t i n g  beam room temperature f a t i g u e  s t r e n g t h  a t  lo8 

cycles  f o r  a i r  melted SAE 52100 have been repor ted  previously ( 3 ) ,  (4) ,  

and (23 )  , For ex- 

ample, S t y r i  (4) r epor t s  about 120,000 p s i  f o r  t h i s  a l l o y  quenched and 

tempered t o  63.5 Rc, while F r i t h  (3) gives a value as low as 80,000 p s i .  

Generally,  t h e  results from those inves t iga t ions  (3) and ( 4 )  where a con- 

s ide rab le  amount of d a t a  i s  ava i l ab le  a t  10 cycles  appear t o  ind ica t e  

t h a t  no d e f i n i t e  endurance l i m i t  e x i s t s  f o r  SAE 52100 hea t  t r e a t e d  t o  

high hardness l e v e l s .  

A t  bear ing hardness l e v e l s  these  vary considerably,  

8 

These la rge  va r i a t ions  i n  f a t i g u e  s t r e n g t h  cannot be simply explained.  

Fat igue proper t ies  depend i n  a complex manner on a number of f a c t o r s  in-  

cluding t h e  r e s i d u a l  s t r e s s e s  r e s u l t i n g  from quenching and/or machining; 

the s t e e l  making p r a c t i c e  and minor v a r i a t i o n s  i n  t h e  chemistry.  A s  pre-  

v ious ly  discussed, the e f f e c t s  of r e s i d u a l  s t r e s s e s  a r e  as y e t  obscure,  

Regarding the s t e e l  making p r a c t i c e  it has been reasonably w e l l  es tab-  

l i s h e d  i n  t h i s  and i n  o ther  i nves t iga t ions  (3) and (4) t h a t  vacuum melt- 

ing increases  the  f a t i g u e  s t r eng th .  

s t r eng th  of open hea r th  hea t s  is higher  than  e l e c t r i c  furnace melts,  The 

According t o  F r i t h  (3) the  f a t i g u e  
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explanat ion f o r  these  d i f f e rences  produced by  v a r i a t i o n s  i n  t h e  s t e e l  

making p r a c t i c e  may l i e  i n  t h e  r e s u l t i n g  inc lus ion  and/or r e s i d u a l  ele- 

ment conten t ,  Vacuum melt ing i s  known t o  reduce both  r e s i d u a l s  and in- 

c lus ions .  Thus, t h e  vacuum melted SAE 52100 has a lower r e s i d u a l  ele- 

ment content  ( table  I) and a lower inclusion count ( table  11) than the  

air  melted hea ts .  Furthermore, it is noted t h a t  t h e r e  are only  small 

d i f f e rences  i n  the  inc lus ion  counts of the three a i r  melted hea t s  b u t  

t h a t  t h e  room temperature f a t i g u e  s t rength  of t hese  t h r e e  hea t s  increases  

wi th  a decrease of r e s i d u a l  elements. These observat ions regarding t h e  

inc lus ion  constant  are d i f f i c u l t  t o  account f o r  on a q u a n t i t a t i v e  basis. 

Thus, mieroexamination of f r a c t u r e s  i n  t h i s  i nves t iga t ion  fa i led t o  re- 

v e a l  any s i g n i f i c a n t  d i f f e rence  i n  t h e i r  inc lus ion  p a t t e r n s .  This ob- 

se rva t ion  i s  i n  aceord with t h e  r e s u l t s  of Hyler, Tarasov, and Favor ( 2 5 ) l  

who r e p o r t  no p o s i t i v e  c o r r e l a t i o n  between f a t i g u e  s t r e n g t h  and t h e  s i z e  

or l o c a t i o n  of inc lus ions  i n  an SAE 52100 type s t e e l ,  I n  con t r a s t ,  S tu len ,  

Cummings, and Schul te  (26)' r e p o r t  the  f a t i g u e  s t r eng th  i s  s t rong ly  de- 

pendent on t h e  s i z e  and loca t ion  of inclusions 

O f  i n t e r e s t  i n  t h i s  connection i s  t h e  vork of Bu t l e r ,  Beap, and Carter 

(28)  and Bew and Bu t l e r  ( 2 9 ) ,  It i s  shown t h a t  t h e  f a i l u r e  of b a l l s  i n  

s imulated se rv ice  tes ts  occurs preEerentPa1l.y a t  the l oca t ion  of inc lus ions .  

Furthermore, when the r o l l i n g  d i r ec t ion  w a s  so con t ro l l ed  that the  maximum 

stress w a s  perpendicular  t o  the  f iber  the  ' b a l l  f a t i g u e  l i f e  w a s  considerably 

'These inves t iga to r s  examined f rac tured  specimens Negative conclu- 
s ions  were reached b y  Stat-key, Mareo, and Gatts ( 2 7 )  f o r  SAE 4330, 4340, 
and 4350 on the  basis of a stat , is t , ieal  ana lys i s  of' f a t i g u e  data and the  
SAE inc lus ions  count on unfractured specimens 
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reduced. These observat ions poin t  t o  the  importance of inc lus ions  i n  

b a l l  bear ing app l i ca t ions .  

Ef fec ts  of e leva ted  temperatures.  - A comparison of t h e  s ta t ic  prop- 

e r t i e s  of e1erf.ric f l ~ r r , s c e  SAE 52100 as ~ 1 ,  runc t ion  of t h e  hardness is 

shown i n  f i g u r e  19 f o r  room temperature and 350' F t e s t s .  The e f f e c t  of 

increasing the t es t  temperature conforms t o  the  prev ious ly  e s t ab l i shed  

behavior of low a l l o y  s t e e l s  (11) . Thus, up t o  a hardness of about 58 Rc 

t he  t e n s i l e  s t r eng th  is l i t t l e  reduced by the  increase i n  t es t  temperature,  

while the  y i e ld  s t r eng th  i n  tens ion  o r  compression a t  350' F is 10 t o  15 

percent  lower than at room temperature. 

t h e  s t e e l  i s  qu i t e  s t a b l e .  

A t  hardnesses up t o  about 58 Rc 

However, a t  62 R, and above the  350' F t e s t  

temperature is c lose  t o  o r  exceeds the  tempering temperature and t h e  s t r u c -  

t u r e  i s  unstable ,  This i n s t a b i l i t y  permits a reduct ion i n  both  micro- 

s t r a i n s  and the  previously hypothesized Bauschinger E f f e c t .  The r e s u l t  

is a s l i g h t l y  higher t e n s i l e  y i e l d  and u l t imate  a t  350' F compared with 

room temperature and an increase i n  the  spread between t h e  compressive 

y i e l d  s t rengths  a t  t h e s e  two temperatures.  

Raising the  t e s t  temperature from room t o  350' F r e s u l t s  i n  approxi- 

mately 15 percent l o s s  i n  SAE 52100 f a t i g u e  s t r eng th  up t o  54 R, ( s ee  f i g .  

16) ; A t  higher hardnesses the  t e s t  temperature approaches o r  exceeds 

t h e  tempering temperature and specimens so f t en  during t h e  t es t .  A s  might 

be expected t h e  350' F f a t i g u e  s t r eng th  then decreases  t o  a nea r ly  constant  

1 
value a t  hardnesses above 58 Re. I n  t h i s  range it is about 25 percent  

lower than the room temperature f a t i g u e  s t r e n g t h .  

The 500' F p rope r t i e s  of the t o o l  steels i n  comparison with those 

a t  room temperature a r e  given i n  t a b l e  V f o r  a hardness of 62 Rc.  A t  500' F 

t he  t o o l  s t e e l s  should be qu i t e  s t a b l e  and t h e  e f f e c t  of t e s t  temperature 
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would be expected t o  p a r a l l e l  t h a t  described above f o r  SAE 52100 tempered 

t o  hardnesses l e s s  than 58 Rc. 

observed. 

However, somewhat d i f f e r e n t  behaviors a r e  

Raising the  t e s t  temperature t o  500' F reduces the  t e n s i l e  

s t r eng th  of the  th ree  t o o l  s t e e l s  by about 10 percent ,  t h e  compressive 

y i e l d  by about 15 percent ,  t he  f a t i g u e  s t r eng th  by as much as 20 percent  

(Balmo) and has e s s e n t i a l l y  no e f f e c t  on t h e  t e n s i l e  y i e l d .  

It is  i n t e r e s t i n g  t o  compare the  62 Rc 350' F mechanical proper t ies  

of vacuum melt SAE 52100 with those of the  t o o l  s t e e l s  a t  500' F. Accord- 

ing t o  t a b l e  V the  s t a t i c  t e n s i l e  s t rength  of t h e  t o o l  s t e e l s  a t  500' F 

is e s s e n t i a l l y  equal  t o  t h a t  of vacuum melt SAE 52100 a t  350' F. 

t he  t o o l  s t e e l s  are d e f i n i t e l y  superior  i n  regard t o  t h e i r  t e n s i l e  y i e ld ,  

However, 

compressive y i e l d  and t h e  f a t i g u e  s t rength .  

Comparison of s t a t i c  and f a t i g u e  p rope r t i e s .  - Recently it has been proposed 

( 1 2 ) ( 1 3 )  t h a t  the  endurance l i m i t  and the e l a s t i e  l i m i t  of hardened a l l o y  

s t e e l s  may be s i m i l a r l y  r e l a t e d  t o  the  hardness.  Examination of t h i s  

da t a  r evea l s  t h a t  t h e r e  i s  very meager evidence t o  support  the  hypothesis .  

Furthermore, the  r e s u l t s  of the present i nves t iga t ion  do not  confirm the  

proposed r e l a t i o n s h i p .  Thus, r e f e r r i n g  t o  f i g u r e s  7 and 8 the  room tem- 

pera ture  tens ion  and compressive e l a s t i c  l i m i t s  of s eve ra l  SAE 52100 hea t s  

decrease a t  hardnesses above about 58 Rc.  However, t he  room temperature 

f a t i g u e  s t r eng th  for t he  same hea t s ,  f i g u r e  14, yemains e s s e n t i a l l y  con- 

s t a n t  between 52 Rc and 65 Rc. 

were not  e s t ab l i shed .  However, the e l a s t i c  l i m i t s  previously repor ted  

It may be argued t h a t  t r u e  e l a s t i c  l i m i t s  

( 1 2 )  and (13) were obtained by e s s e n t i a l l y  the  same method used i n  t h i s  

i nves t iga t ion  and the re fo re  may be subject  t o  the  same de f i c i enc ie s .  
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A r e l a t e d  observat ion is  t h a t  vacuum melt ing d e f i n i t e l y  improves t h e  

room temperature and 350' f a t i g u e  s t r eng th  of SAE 52100 (see f i g s .  14 and 

15) b u t  has l i t t l e  inf luence on the  s t a t i c  p rope r t i e s  (see f i g s .  7 and 8 ) .  

Apparently f n r  SAE 521CC t he  f a c t o r s  which c o n t r o l  t h e  s t a t i c  and 

f a t i g u e  proper t ies  a r e  fundamentally d i f f e r e n t  and n e i t h e r  are as y e t  w e l l  

understood. 

CONCLUSIONS 

The complex na ture  of t h e  phenomena observed and t h e  l imited number 

of tes ts  performed render  d i f f i c u l t  t h e  formulat ion of q u a n t i t a t i v e  con- 

c lus ions  regarding t h e  inf luence of a l l o y  composition on t h e  s t r e n g t h  

values .  Furthermore, it is not  considered that t r u e  e l a s t i c  l i m i t s  were 

determined nor were the  500' F f a t i g u e  s t r eng ths  of t h e  t o o l  s tee l s  w e l l  

e s tab l i shed .  However, f o r  p r a c t i c a l  purposes t h e  fol lowing conclusions 

appear subs tan t ia ted :  

1. Heat t r e a t e d  t o  y i e l d  hardnesses between about 50 and 58 Rc,  the: 

room temperature t e n s i l e  u l t imate ,  t e n s i l e  y i e l d  and t h e  compressive y i e ld  

s t r eng ths  of SAE 52100 and t h e  t h r e e  t o o l  steels increase  n e a r l y  l i n e a r l y  

w i t h  hardness. A t  a given hardness i n  this range only small s t r e n g t h  d i f -  

fe rences  a r e  noted among t h e  var ious s teels .  

2. A t  higher hardnesses t h e  above r e l a t i o n s  a t  room temperature are 

gene ra l ly  maintained only f o r  t h e  compressive y i e l d  s t r eng th .  

s t a t i c  proper t ies  w i t h  t he  except ion of Halmo e x h i b i t  a maximum a t  a cer-  

t a i n  hardness and then decrease with f u r t h e r  incPeases i n  hardness.  Thus, 

The t e n s i l e  

a t  hardnesses above about 60 Rc Ha1m.o appears to e x h i b i t  t h e  h ighes t  ten-  

s i l e  s t rength  c h a r a c t e r i s t i c s .  
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a 3. The room temperature f a t i g u e  s t r eng th  (lo7 - 10 cyc les )  a t  a 

hardness of 62 Rc i s  near ly  i d e n t i c a l  within t h e  l i m i t s  of s c a t t e r  f o r  

vacuum.melt SAE 52100 and the  three  t o o l  s t e e l s .  

4.  A t  a hardness l e v e l  of 62 Rc the t o o l  s t e e l s  t e s t e d  a t  500' F 

possess s t a t i c  and f a t i g u e  p rope r t i e s  superior  t o  those of SAE 52100 

t e s t e d  a t  350' F.. 

5. The f a t i g u e  s t r eng ths  of SAE 52100 a t  hardnesses between 50 and 

65 Rc are improved by induction vacuum melting. 

6. A corresponding e f f e c t  of vacuum melting is not observed f o r  t he  

s t a t i c  p rope r t i e s  of SAE 52100. 

7. No r e l a t i o n  w a s  found between any of the  measured s t a t i c  p rope r t i e s  

and t h e  f a t i g u e  c h a r a c t e r i s t i c s  e 
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APPENDIX I: X-RAY DIFFRACTION STUDIES OF 

SEVERAL 52100 AND TOOL STEELS 

F in i sh  machined t e n s i l e  specimens from two hea t s  of SAE 52100 and 

t h e  t h r e e  tool steels  were subjec ted  t o  an X-ray d i f f r a c t i o n  s tudy  i n  an  

at tempt  t o  determine r e s i d u a l  stresses of f i r s t  and second order  as w e l l  

as t h e  presence o r  absence of r e t a i n e d  a u s t e n i t e  and carb ides .  These 

s t u d i e s  were made on a General E l e c t r i c  XRD-5 d i f f r a c t i o n  u n i t  wi th  a 

propor t iona l  counter us ing  vanadium oxide f i l t e r e d  chromium Ku r a d i a t i o n .  

The in t e rp l ana r  spacings of t he  (211) planes p a r a l l e l  t o  t h e  su r face  

are shown i n  f i g u r e  1-1 as a func t ion  of hardness and the  (211) d i f f r a c -  

t i o n  l i n e  width a t  one ha l f  i n t e n s i t y  as a func t ion  of hardness i n  f i g -  

u re  2 ( a ) .  Table I A  gives  t h e  ind ica t ions  f o r  r e t a ined  a u s t e n i t e  and 

carb ides .  

From f i g u r e  l ( a )  it can be seen t h a t  t he  d(211)-value increases  f o r  

a l l  s t e e l s  wi th  increas ing  hapdness l e v e l .  Since t h i s  d(211) value was 

determined from planes o r i en ted  p a r a l l e l  t o  t h e  specimen sur face  an in- 

crease i n  r e s i d u a l  compressive stress is  indicated. .  Based on t h i s  con- 

cept  a change of t he  d(211) value by 0.0010 A r ep resen t s  a change i n  stress 
0 

of approximately -30,000 p s i .  However, t h i s  f i g u r e  can be used f o r  o rde r  

of magnitude type comparisons only.  

According t o  f i g u r e  IT-2 t h e  ( 2 1 1 )  l i n e  width a l s o  increases  wi th  

increas ing  hardness l e v e l .  Among t h e  f a c t o r s  respons ib le  f o r  increase  i n  

d i f f r a c t i o n  l i n e  widths are micros t ra ins ,  p a r t i c l e  s i z e ,  p l a s t i c  deforma- 

t i o n  e t c . ,  the  most s ign i f i can t .  con t r ibu t ion  i n  t h e  p re sen t  case probably 

being micros t ra in .  On t h i s  basis an increase  of t h e  l i n e  width a t  half  
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i n t e n s i t y  of 1' corresponds t o  an increase of t he  micros t ra in  l e v e l  of 

approximately 2 X10 '3  

eva lua t ion  only.  

This f i g u r e  can a l so  serve f o r  semi-quant i t a t  ive 

The amount of r e t a ined  aus t en i t e ,  t a b l e  I A ,  tended t o  increase  some- 

what a t  t h e  higher  hardness l e v e l s  f o r  a l l  a l l o y s .  A similar increase  w a s  

observed f o r  t he  carbides  except f o r  the SAE 52100 vacuum m e l t  and MV-1 

which gave no carbide ind ica t ions  a t  any hardness l e v e l .  The d i f f e rences  

between t h e  var ious a l l o y s  In respec t  t o  r e t a l n e d  a u s t e n i t e  and carb ides  

is considerable .  Only t r a c e s  were found f o r  t he  two hea ts  of" SAE 52100, 

I n  c o n t r a s t ,  M - 1  showed s t rong  Indicat ions of r e t a ined  a u s t e n i t e  and cas- 

b ides  a t  the  h ighes t  hardness l e v e l  (65 Re)  

appeas t o  be any d e f i n i t e  co r re l a t ion  between these indica t ions  and the  

repor ted  m c h a n i c a l  ppoper t ies ,  

\ 

There does no t ,  however, 
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APPENDIX 11: COMPARISON OF BALL BEARING LIFE DATA W I T H  

ROTATING BEAM F A T I G U E  RESULTS 

Two of t he  SAE 52100 e l e c t r i c  fu.rnace hea t s ,  numbers 2 and 3 of t he  

present  inves t iga t ion  were eva lua te2  i n  complete b a l l  beaying tests a t  

room temperature by the  Phys ica l  Test ing Laboratory of t h e  Marlin-RockweL1 

Corp., Jamestown, New York. I n  addi t ion ,  a SAE 52100 induct ion vacuum 

melt  w a s  a l s o  subjec ted  t o  t h e  bear ing  t e s t s ,  however t h i s  w a s  no t  t h e  

same hea t  p re sen t ly  repor ted .  The authors  are indebted t o  M r .  D. Lundquist 

of Marlin-Rockwell Corporat. ion f o r  supplying t h e  b a l l  bea r ing  endurance 

data f o r  comparison with the  f a t i g u e  s t r eng ths  repor ted  i n  t h i s  i nves t iga t ion .  

For the bear ing  t e s t s  inner  r i n g s ,  ou ter  r i ngs  and balls of t h e  207-S 

s i z e  were f a b r i c a t e d  by MRC. Test condi t ions were as fo l lows:  2750 spm, 

1750 lbs radial  load  and j e t  appl ied  l u b r i c a t i o n  wi th  SAE No. 10 o i l .  The 

r e s u l t s  of t hese  t e s t a  Etze aho-m i n  f igu re  11-1 on a Weibull p l o t .  One 

c h a r a c t e r i s t i c  of' 'bearing performance vhich can be der ived  from t h i s  p l o t  

i s  t h e  median l i f e  (50 p e x e n t ,  r a i l u r e s ) .  On t h e  b a s i s  of t h i s  c r i t e r i o n  

the  t h r e e  hea ts  rate as fol lows : vacuum melt, low r e s i d u a l  and hi.& re- 

s i d u a l .  It w i l l  'oe noted from. f i g u r e  14 t h a t  t h e  same r a t i n g  for hea t s  

numbers 2 and 3 w a s  ol)t;ai.aed from t h e  r o t a t i n g  beam f a t i g u e  uata a t  a 

hardness of 62 Re. Furthermore, bot,h t h e  r o t a t i n g  beam data and t h e  ball 

bea r ing  data r evea l  t he  s u p e r i o r i t y  of vacuum melted material. 

From t h i s  l fmi ted  information t h e  authors  do not  wish t o  suggest  

t h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  between r o t a t i n g  beam d a t a  and b a l l  bear- 

ing performance. The general. opinion i n  t h i s  country has  not  favored the  

ex i s t ence  of such a Tela'tion. Howevey, t;he authors  are no t  aware of any 

publ ished systematic data which c o n c h s  i v e l y  disprove i t s  ex i s t enee  
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T A 3 U  I o  - CXEMTCAL COIPOSITPCNS FOR 

THE INCrESTIGATE3 STEELS 

ALLOY 

SAE 52100" 
E l e c t r i e  Fuzzace 
Heat No. 1 

SAE 52100"" 
E lec t r i c  Furnace 
Heat No. 2 

SAE 52100"" 
E lec t r i c  Fu-r,ace 
Heat, No. 3 

SAE 52100" 
Induction V a m m  

* 
Halmo 
Induction Vacuua  

M - 1  (AI'S1 TM3)" 
Incluetion VacLum 

MV-I (AIS: M-50)" 
Inductton bacum 

1,03 0032 

1.02 0,41 

1.06 O"34 

1.C5 3.57 

(2.59 0.31 

@,r3G 0,25 
. -- 

O.$L 0.26 

P 

c "01 

0,009 

3 0 0 i 2  

1--- .- 

I 
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TABIE I A .  - INDICATIONS FOR FBTAINED 

AUSTENITE AND CARRIDES 

"Code 
c = Carbide indicati .on 
A = Austenite i nd ica t ion  
s = strong 
w = weak 

t r  = t r a c e  
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TAEU 11, - 1NCLUS:iON COLYT ACCORDING 

TO JK CHARTS (Asnil E 45-51)" 

Alloy I- ~ 

I SAE 52100 
Heat No. 1 

Thin Ee avy 

A B  

2.0 1.5 3.0 2.0 1,O 1.0 1,O 1.5 

SAE 52100 
Beat No. 2 2,O 1 , 5  2.0 3.0 0.5 1,O 1.0 1.0 

I 

Induct ion Vacuum I 0.5 2.OW 0.5 1.0 I 0 0 0 0 1 
SAE 52100 

I SAE 52100 
Heat No, 3 

I Balmo 10.5 2.0 0,5 2 . 0  I 0 0 0 0,5  ' 

1.5 3.0 2.0 2.0 0 1.0 1.0 1 .5  

0.5 1,5 0.5 2.0 0 0,5 0 0 0 5  i_oI___* 
"De ten ined  b y  Allegheny LuXLm Corp.,  P i t t sbu rg ,  Pa.  

**one f i e l d ,  average Yating - l o o o  
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Alloy 

SAE 52100 
Heat No. 1 

SAE 52100 
Heat No. 2 

SAE 52100 
Heat No. 3 

SAE 52100 
Induction Vacuum 

TABLE 111. - HEAT TREATMENT 

Hardness , Heat treatment 
R C  

Austen- Quench 1st Tepper ', 2nd L-hr 
i t i z i n g  temp., time, temper temp., 

F 
IO temp., ?F hr 

F 0 

50 320 0.5 775 
54 320 0.5 600 
58 1535 O i l  320 0.5 525 
62 320 0.5 350 
65 300 0.33 - 
50 320 0.5 785 
54 320 0.5 700 
58 1535 O i l  320 0.5 545 
62 320 0.5 365 
65 300 0.33 - 

50 320 0.5 785 
54 320 0.5 7 00 
58 1535 O i l  320 0.5 545 
62 320 0.5 365 
65 300 0.33 - 
50 320 0.5 750 
54 320 0.5 625 
58 1535 O i l  320 0.5 500 
62 320 0.5 340 
65 300 0.33 - 

SCKEDULFS FOR SAE 52100" 



Alloy Type of 1 heat 
t rea tnent  

A i r  1000 

c i a l  

Halmo Experi- 
m.e n t a1 

M-l I Commer- 
c ia1 

M- 1 

qz mental. 

E x p e r l -  
mental 

Mv-1 I myr- 

- 30 - 
TAP,= I V o  - EA': mA'I"MENT PROCEDVFES 

FOR TOOL ST!FELS1J2 

ALE t e i -  
itizing 
temp ., , 

OF 

2 100 

2 100 

2200 

22C9 

2050 

- -  
2050 

t.t?mpeT temp e , 
F' 0 

Oil I 1000 

2nd 2 hr 
tenpe r temp., 

F 0 

1145 
1115 
109 0 
1060 
_ - - - .  

1000 

1200 
1170  
1150 
1120 
-e-- 

1000 

1290 
1150 
1125 
1060 
y _  

1000 

Hardness 

approx 
% 

50 
54 
58 
62 
65 

62 

50 
51 
58 
62 
6 5 

62 

50 
54 
58 
62 
65 I, 

62 ~ 

I 

lHeat t rea ted  by Mar l in  Rockwell Corpd Jan,eeto-sn, New Y O C K .  

2 A 1 1  specimens preheatel  a: 1500' Y o  



- 31 - 

Alloy 

52100 

Halmo* 

M- l* 

Mv- l* 

TABU V e  - EFFECTS OF ELEVATED TEMPERATURF, ON MECHANICAL 

PROPERTIES OF VACUUM-MELTED 'BEARING STEELS AND 

SAE 52100 VACUUM MELT AT A HARDNESS OF 62 R, 

Temperature, 1 psi Tensile , psi /Compressive 
OF yield,  

Strength, Yield, PS i 

340,000 240,000 400,000 I 340,000 1 260,000 I 290,000 Room 350 

370,000 295,000 340,000 
500 335,000 300,000 340,000 Room I I I 

-~ 
Fatigue Btrength, 

" 
10' cycles  p s i  

130 , 000 
95 , 000 

140 , 000 
110 , 000 

130 , 000 
110 , 000 

125 , 000 
100 , 000 

*Commercial heat  treatment, see table I V .  
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Fig. 1. - Hardenability of two SAE 52100 heats. 



COMPRESSION SPECIMEN 
0400 + 0010 

1/2-13 GROUND THD 

,187 .001 DlAM 

TENSION SPECIMEN 

NOTE: THREADS TO BE CONCENTRIC W I T H  
CENTERLINE OF TEST SECTION WITH IN 

1000005 IN. 

Fig. 2. - Tensile and compression specimens. 
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Fig. 3.  - Alinement checks f o r  tension and compres- 
s ion specimens of SAE 52100 heat  no. 1. 
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Fig .  4. - Room and elevated temperature r o t a t i n g  
bending f a t i g u e  specimens. 
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Fig. 6 .  - Example of l o a d  re lease  curves in compres- 
s i o n  for SAE 52100 heat no. 3 .  
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INDUCTION VACUUM 

0 USING EXTENSOMETER 

400 

300 

400- 
YIELD STRENGTH , 0.2,% 

300 

200 

ELASTIC LIMIT 

0 - 
48 52 56 60 6 4  

ROCKWELL C HARDNESS 

68 

Fig. 7. - Room temperature tension characteristics 
for various heats of SAE 52100. Values shown are 
average of two or more tests unless indicated. 
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Fig. 8. - Roon temperature compression character- 
istics for various heats of SAE 52100. Values show;? 
are average of two or more tests unless indicated. 
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Fig. 9. - 350° F Tension and compression charac- 
teristics of SAE 52100 heat no. 1. Values 
shown are average of two or more tests unless 
indicated. 
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Fig. 10. - Room temperature tension characteristics for 
the various tool steels. Values shown are average of 
two or more tests unless indicated. 
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Fig. 11. - Room temperature compression characteristics 
for the various tool steels. Values shown are average 
of two or more tests unless indicated. 
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Fig. 12. - Room temperature S-N curves for two heats 
of SAE 52100 at several hardness levels. 
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Fig. 14. - Comparison of room temperature 
fatigue strengths at lo8  cycles for the 
various heats of SAE 52100 as a function of 
hardness level. 
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Fig. 16. - Comparison of room temperature and 
350' F fatigue strengths at 108 cycles for an 
electric furnace and induction vacuum heat of 
SAE 52100. 
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F i g .  1 7 .  - Room temperature  S-N curves f o r  t h e  v a r i o u s  
t o o l  s t e e l s  commercially h e a t  treated t o  62  R c .  
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Fig. 18. - 500' F S-N curves f o r  the various t o o l  s t e e l s  
heat  t r e a t e d  t o  62 R, by two procedures.  
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Fig. 19. - Comparison of room temperature and 350' F 
tension and compression characteristics f o r  
SAE 52100 heat no. 1. 
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Fig. 1-1. - Interplanar spacing of (211) planes as a function 
of hardness for various bearing steels. 
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Fig. 11-1. - Complete ball bearing data for various 
heats of SAE 5'2100 ( M . R . C . ,  Lundquist). 


